From its source waters in the Gulf of Mexico the red tide dinoflagellate, Gymnodinium breve is moved throughout its oceanic range by major currents and eddy systems. 
Much of what is known about the distribution of the toxic dinoflagellate Gymnodinium breve Davis [ = Ptychodiscus brevis (Davis) Steidinger] is explained by oceanic circulation patterns. G. breve cells are positively phototactic (or negatively geotactic) (Steidinger 1975; Heil 1986 ) and can concentrate in the upper water column during the day. There they behave like surface drifters, only smaller writ. The resident population is in the Gulf of Mexico and G. breve is transported throughout its range by the Gulf Loop Current, the Florida Current, and the Gulf Stream, with the warmth of the Gulf Stream fostering this subtropical species as it moves north of 31"N. G. breve has been recorded throughout the U.S. South Atlantic Bight (Tester et al. 1993 ) and beyond.
G. breve rarely occurs in shelf waters north of Cape Hatteras, North Carolina (Marshall 1982; see also Churchill and Cornillon 1991) , but the Gulf Stream may carry it farther (see Fraga and Sanchez 1985) . A drift bottle released in an October 1966 study off the central west Florida shelf was recovered in the Outer Hebrides a little over a year later; another released in February 1967 reached Belgium in 187 d (averaging >50 km d-l) (Williams et al. 1977) . So it seems likely that long before A.D. 1497, when Vespucci, credited Acknowledgments We thank S. Baig, who supplied the Gulf Stream Frontal Analyses (GOES) and is a continuing source of information and support.
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with being the first European to explore the Gulf of Mexico, sailed out of the gulf in the direction of the "maestrale" for 870 leagues to Cape Hatteras and then turned eastward toward Bermuda before returning to Spain (Galtsoff 1954), G. breve had made a similar voyage.
The reports of discolored water and effects of phycotoxins in tropical Atlantic waters were recognized and recorded in ships' logs by 1530 -1550 (Martyr 1912 . As early as 1844 popular accounts of G. breve blooms were linked with noxious "gases" and massive fish kills along the west coast of Florida (Feinstein et al. 1955) . Prophetically, in that same year an intensive study OF ocean currents was begun by Maury (1859) . Data on ocean circulation, physical processes, and the distribution and biology of G. breve would accumulate for more than a century before this information would be coupled, the consequences appreciated, and a model conceptualized to help focus research efforts,
Range
Although Lackey (1956) reported G. breve from Trinidad in the southern Caribbean basin (cell counts were not verified), there were no recorded cases of neurotoxic shellfish poisoning reported (S. Hall pers. comm.), and there have been no subsequent observations of G. breve anywhere in the Caribbean. Early interest in the circulation of the Caribbean, though, stemmed from its role as the source region for water flowing into the Gulf of Mexico. In this semi-enclosed basin the eastern gulf is characterized by anticyclonic circulation and is dominated by two currents. The Yucatan Current (75 cm s-l), entering between the Yucatan Peninsula and Cuba, becomes the Loop Current as it extends northward into the gulf and returns southward along the west Florida continental shelf. It exits the gulf between the Dry Tortugas and Cuba where it is known as the Florida Current (165 cm s-l) (see Hofmann and Worley 1986) (Fig. 1) . The extent of northward penetration of the Loop Current (Maul 1977; Vukovich et al. 1979) , its spinoff eddies (Dietrich and Lin 1994; Sturges 1994) , and its intrusions onto the west Florida continental shelf vary seasonally (Huh et al. 198 1) and greatly affect the potential of bloom initiation, transport, and retention (Haddad and Carder 1979; Haddad 1982; Lee et al. 1994) . Rotating eddies can be shed from the Loop Current and propagate westward across the gulf (Liepper et al. 1972; Maul and Vukovich 1993) . Cross-basin surface transport also has been documented in drift-bottle studies (Williams et al. 1977) . Summer-fall bottle releases from the west Florida shelf frequently were recovered from Texas beaches (Matagorda to Brownsville) to Vera Cruz, Mexico. The general circulation patterns of the south central and western Gulf of Mexico are clockwise but the velocities are less intense (15-25 cm s I). The only exceptions to this general clockwise pattern are the cyclonic flows in the extreme northeastern and northwestern areas of the gulf (Molinari 1980; Vastano et al. 1995)-regions where elevated background concentrations of G. breve cells (>lOO cells liter ') have been noted (Geesey and Tester 1993) .
Throughout the Gulf of Mexico and the U.S. South Atlantic Bight, G. breve is found in background concentrations (l-1,000 cells liter-') except in areas off the Texas coast and the west Florida coast where local circulation may play a role ( Fig. 2 ; see Geesey and Tester 1993; Tester et al. 1993) . Although G. breve blooms have occurred in many different areas in the Gulf of Mexico, from Yucatan in the south (Graham 1954) , to the lower Laguna Madre, in the Mexican state of Tamaulipas in the western gulf (Gunter 1952; Wilson and Ray 1956 ) to Freeport, Texas (Burr 1945; Trebatoski 1988) , and around the northern gulf coast, they are most frequent along the west coast of Florida. Blooms there are especially frequent from Clearwater to Sanibel Island (Joyce and Roberts 1975; K. A. Steidinger and B. S. Roberts unpubl.) , occurring in 21 01: the last 22 years. These blooms on the southwest Florida shelf serve as a source for cells inoculating the U.S. South Atlantic Bight (Murphy et al. 1975; Steidinger et al. 1995; Tester et al. 1991) .
Bloom initiation
The regions of the GulF of Mexico that experience blooms of G. breve lasting more than 2 months include the west Florida shelf (C.earwater to Sanibel Island), the Campeche Bay between Rio Ciatzacoalcos and Rio Grijalva (Smithson. Inst. 1971) , and the Texas coast between Port Arthur and Galveston Bay. 411 have common features conducive to the formation of blooms. Each of these areas is adjacent to a continental shelf break where it intersects with the permanent seasonal thl:rmocline (Fig. 3) . The isothermal water on the outer shelf results in a minimum bottom temperature of 20°C in areas off Texas and west Florida (NOAA 1985) and Campeche Banks. Consequently these areas may provide an important winter refuge for G. breve. These same areas also experience either persistent, intermittent, or event-related slope-shelf upwelling. This is best known for the west Florida shelf where blooms can occur any time of the year but are typical in late summer and fall when >70% of the outbreaks have begun. Bloom concentrations first appear OFFshore (Dragovich and Kelly 1966; Steidinger 1975; Steidinger and Haddad 1981) and are associated with the fronts caused by the onshore-offshore meanders of the Loop Current water along the outer southwest Florida shelt Water on the leading edge of an eddy or meander is generally sinking and that on the trailing edge is rising, until the feature experiences bottom drag (Dietrich and Lin 1994) and forms a midshelf front.
Fronts represent a dynamic area of nutrient regimes and light conditions which can favor accumulation and growth
Bloom species such as G. breve and Gyrodinium cf. auralum (European waters) are well adapted to such environments and can grow throughout the euphotic zone. They have a high photosynthetic capacity at low light and are light adapted at varying intensities (Shanley 1985; Garcia and Purdie 1992) although photoinhibition thresholds are species-specific. Once growth occurs, it takes 2-X weeks to develop into a hloom of fish-killing proportions (1-2.5X IOx cells liter-') depending on physical, chemical, and biological conditions. Some species such as G. breve, G. cf. aureolum, and Lingulodinium plydrum have growth and competitive exclusion strategies that can lead to almost monospecific surface blooms of these bpecieb (as biomass) (Sttidinga and Vargo 1988; Morin et al. 1989 ). Such blooms (G. breve, G. cf. aureolum) can cclvei-a surface area of up to 1.4-3.0x10' km' (Steidingcr and Joyce 1973; Holligan 1985; Vargo et al 1987) and although biomass concentration is patchy, chlo~ rophyll a values from >2 to > 100 mg tr' make the rest& tant discolored surface water detectable by color sensors 011~ board satellites (Fig. 4) . In the case of G. breve the CZCS sensor detected chlorophyll a from cells at densities onetwo orders of magnitude less (IO"-1 Oi) than are present when discolored water is detectable by the human eye (>lO") (K. Haddad and K. Steidinger per% comm.).
Both G. breve and G. cf. auwulum discolor surface waters and are phototactic; in daylight hours cells are at or near the surface; at night they are dispersed (Hollignn 1985; Heil 1986; Geesey and Tester 1993) . In addition to their ability to exploit light regimes, both species have advantages in nutrient dynamics. Both assimilate nitrogen at low light and are able to utilize organic as well as inorganic nutrients (Vargo and Shanley 1985; Steidinger and Vargo 1988; Dahl and Tangen 1993; Shimizu et al 1995) . When G. breve blooms have been tracked, the zone of initiation (cell numbers >I,000 liter ') develops from 18 to 74 km offshore (St& dinger and Haddad 1981) and the strongest evidence for this lies in the cell distribution along cross-shelf transects sam- 22 September and 15 October. Concentrations above background were first noted offshore between Sarasota and Boca Grande Pass in late September (Fig. 5) . During the following week in the same area, cell concentrations increased and then generally spread south. No nearshore or inlet samples during this time were either positive for G. breve or above background until 2 weeks later. Data from north of Boca Grande Pass are representative of the cell distributions from transects run perpendicular to shore (Fig. 6) . Typically the cells are moved from the midshelf to onshore and then, under the influence of the wind and(or) alongshore currents, move up or down the coast (Fig 5) . From 7 to 11 October there were still high numbers (>l-6X 10s cells liter -I) of G. breve 3-25 km offshore north of Boca Grande Pass. The bloom had moved south and was parallel to the coast with lo-IOO-fold lower cell concentrations onshore than offshore. By 13-14 October the bloom was centered south of Boca Grande Pass and had intensified. Counts offshore of Sanibel Island were 1-1.5X 10" cells liter-'; counts nearshore ranged frown 1.5 to 70X lo1 cells liter-'. Farther south at Naples there were no cells in the 25&m station, but nearer shore cells were noted. After 15 October the inshore passes between Clearwater and Naples had < 1,000 cells liter -I and sampling was suspended.
A similar pattern of bloom development and movement is evident from blooms in November-December 1979 and Sep- tember-November 1985 (FMRI data). The 1979 bloom was first reported 130 km northwest of Clearwater and the earliest cell counts from the Clearwater and Cedar Key areas (26-30 November) indicated that it was a large bloom (Fig.  7) . Note however, there were no cells or very low counts (O-2,000 cells liter-') onshore until I O-l I December, when offshore numbers were dropping and the bloom seemed to have moved south loo-120 km and onshore. The third example is from a 1985 bloom which was first sampled 16 km off Cedar Key and southward (101-10s cells liter -I> on 10 September (Fig. 8) . Again the passes and nearshore were free of G. breve cells until more than a month later. The alongshore (south) and onshore movement of the bloom is evident; the offshore stations between Clearwater and Sarasota were cell-free during the first sampling period, but l-2 weeks later there were up to lo"-10" cells liter-'. Within 4-5 weeks between lo5 and 10" liter-' were observed onshore and south of Sarasota and Boca Grande Pass (4 November).
Bloom transport
There is evidence that some blooms can be maintained within the midshelf zone and continually inoculate the nearshore waters or recur in a "high occurrence zone" from Clearwater to Sanibel Island (Steidinger and Roberts unpubl.). One possible mechanism for this is the circulation pattern reported by Weisberg et al. (1996) . They describe seasonal wind reversal, (northeast-southwest flow) on the midshelf that result in zero mean Rows both in the alongshore and crossshore directions during a 16-month period. However, the mcnthly means can be re.latively large, and Weisberg et al. suggested the maximum values have a baroclinic origin via a thermal wind relationship. Recent research on the west Florida shelf circulation describes two basic patterns, a summer pattern (April-September) and a winter pattern (October-March) characterized by a semipermanent anticyclojiic eddy (Weisberg et al. 1996) on the northwestern Florida shelf in the Apalachee Bay-Middle Grounds area (H. Yang and R. Weisberg :pers. comm.) This feature dominates the northeastern shelf onshore of the 50-m isobath (Yang and Weisberg pers. comm) and may be responsible for the ~entrainment and transport of cells northward to the Florida panhandle. Haddad ( 1982) recorded an example of a red tide preceded by the shoreward advection of a bottom thermocline between 10 August and 3 September 1978 when the bloom surfaced at 19 km from shore. Similar transport along a thermal gradienit may explain the spring-summer bloom of 1995 when a G. breve red tide apparently moved north up to Cedar Key and then onto the Florida panhandle 55-l. 10 km offshore and subsequently inoculated inshore waters (FMRI unpubl. data) .
From Tampa Bay south small-scale eddy features (<lo0 km ; Maul 1977; Hela et al. 1955) on-offshore meanders of the Loop Current move southward along the outer southwest Florida shelf (every 2-14 d) (Paluszkiewicz et al. 1983) , and there is evidence for a southward mean flow over the shelf when the Loop Current is at the shelf edge (Sturges and Evans 1983). The annual cycle of wind stress, northward during summer and southward in fall, is responsible for the persistent upwelling (summer) or downwelling (fall) found over the west Florida shelf (Lee and Williams 1988) and may concentrate or disperse blooms depending on the site and timing of the bloom.
Another recently described eddy system operative between the Tortugas and the upper keys is dependent on a well-developed Loop Current and the consequent offshore position of the Florida Current. The Tortugas Gyre is a cyclonic recirculating feature (100-l 80 km) with a duration of 40-J 08 d that has a strong influence on the transport and retention of zooplankton and larval fish in the lower Florida Keys (Lee et al. 1994) . In the intervals between gyre recirculation periods there are episodes (20-30 d) of intense eastward flow (Lee et al. 1994 ). This feature may provide insight into the distribution and transport of G. breve From the west coast of Florida to the Atlantic in 1994-1995 (T. Lee pers. comm.). The bloom started in September 1994, between Tampa Bay and Sanibel Island off the west coast of Florida. In January and February 1995, extensive fish kills were reported in >5,000 km2 of open water westward from the Florida mainland to the Dry Tortugas; a sample with 1.5X lo5 cells liter-' was counted from Sanibel on 1X January. In February, coincident with fish kills off the southwest Florida coast, a sample from 12 km off Duck Key (14 February 1995) contained 9.6X 10" cells liter-' (Fig. 9) South Atlanuc Bighl, but Lackey (I 969) found one cell in an unpreserved sample taken from Boa Katon during a water-quality study. Nol until autumns 1972, 1976, and 1Y77 after the typical manifestations of G. hrrve blooms (e.g. eye and respiratory irritation, fish mortality) were described by beachgoers from Miami to Palm Beach (Murphy et al. 1915; Robens 1979 ), did we undcrsland that blooms--even shorllived ones (t I month)-could occur outside the Gulf of Mexico basin. These first blooms recorded in the U.S. South Allantic Bight were restricted in area and intcnsily. No cells were found a\ far north as Cape Canaveral. and the count': wcrc neither hrgh nor persistent (2-100X 10' cells liter '). The eveas were conxdered the result of concentration and transport of cells to the east coast by unusual Loop Current parterns (Murphy et al. 1975) .
The seasonality of the west Florida shelf circulation and wind liclds alho contributes to the likelihood of shelf water being advected into the Florida Current for transport to the U.S. South Atlantic Bight (Williams et al. 1977) . Late summcr-aulumn blooms have the greatest potential for transport to the Atlantic coast bccausc summer transport rates are the highal and "detrainment" is greatest in Pall due to low, inconsistent trampor, (Maul and Bravo I9XY) . The thrw jrcas of dcuainment identified by Maul nnd Bravo (19X9) ah likely was for receiving flotsam and .jetsnm are southeast of Cape Canaveral, eat of St. Augu\tinc, and southeast of Onslow Bay. G. brew was TV prove itself as an apt surfacedrifter and a good test of their ideas.
Cells from a May-October 1980 war Florida shelf bloom were transpor~cd farther than any recorded up to thai lime. Gulf Stream Frontal Analyses (compobite GOES satellite imagwy) confirmed a warn-water intrusion 7-10 November off Jacksonville (Fig. I I) and by 14 Novcmbcr local Jacksonville residents were suffering sore throats and watery eyes; by 2528 November G. brew counts were 6.7X IO' cells lite:
and the bloom had spread >I00 km south LO Daytona where beachgoers were affected by exposure to the surf (FMKI data). Cells were found off Cape Canaveral (Melbourne) on 5 Decemhcr and between Jacksonville and Cape Canaveral mcandcrs of warm water shoreward of the western edge of the Gulf Stream were evident in GOES inagery of 8 December 1980 (not shown).
The 1980 east coast G. brew red tide dcmonaated that Gulf Stream meanders off Jacksonville could inoculate in -14  15  16  17  23  24  25  2  3  6  Feb 95 March 95 shore areas and be transported by countercurrents south along the coast beyond Cape Canaveral. In 1983, another transport occurred concurrently as a meander of the Gulf Stream Formed south of Jacksonville on 10 October (S. Baig pers. comm.). In the area from Daytona to below Cape Canaveral (Volusia and Brevard Counties) all three signs of a G. breve red tide were evident (i.e. human respiratory irritation, fish kills, and discolored water). The cell counts were much higher than for previous east Florida shelf blooms (5.5X106 cells liter I, 10 October). The following day cell counts were 1X 10' cells liter '; during the next 10 d, red tide affected areas immediately south of Cape Canaveral (Patrick Air Force Base, Cocoa Beach, and Melbourne). By 28 October, it had moved 55 km south of Cape Canaveral (Sebastian Inlet) and remained there until 4 November. By 23 November, the red tide had dissipated and shellfish harvesting areas were opened. Prior to that east coast event, a well-developed red tide was detected on the west coast on 6 October. Patches of dead fish and surface-water discoloration (indicative of cell counts 23 X 10" cells liter ') were reported from Sarasota to Venice from shore to 15 km offshore. Inshore G. breve concentrations were 4.5 X 10" cells liter-' and beachgoers were experiencing respiratory irritation. Cell counts from 7 October were 3X 10" cells liter I 9 km off Captiva Island in the Charlotte Harbor area. This is the classic source area for transport of red tides from the west coast to the east coast of Florida. Because it takes 2-8 weeks for a red tide to develop concentrations of +2.5X lo5 cells liter ' offshore, this west Florida bloom was the likely source for cells inoculating the Jacksonville area.
Gulf Stream transport also was implicated in an unusual G. breve fall and winter (19X7-1988) bloom along the coast of North Carolina which continued for 4-5 months (Tester et al. 1991) . Thirty days before this bloom there was a late summer bloom off the southwest coast of Florida. The coupling of these two events is supported by transport time of an Argos-tracked surface drifter (60 km d I) making the same passage in -20 d (Ortner et al. 1995) and the drift bottles recovered from Wrightsville Beach, North Carolina, between 3 1 and 100 d after their release off the west Florida shelf (Williams et al. 1977) . The continental shelf between Cape Hatteras and Cape Lookout where this bloom occurred is the narrowest of any in the U.S. South Atlantic Bight north of the Miami area and is frequently overwashed by meanders of Gulf Stream water, some of which nearly reach the barrier islands (Bane et #iI. 198 1; Yoder et al. 1985) . These meanders serve as nutrient pumps introducing new nitrogen from strata beneath the Gulf' Stream (Lee et al. 1991) . After a meander passes, parts of Ihe filament may remain on the shelf for as long as a week before dispersing or rejoining the stream (FRED Group 1989) . The longevity (>I9 d) of the Gulf Stream filament stranded on the continental shelf off North Carolina in late fall 1987 was credited with sustaining this unique G. breve bloom (Tester et al. 1991) .
Dissipation
Significant qu#:stions remained in the aftermath of the North Carolina bloom that caused the closure of major shellfish harvesting areas for an entire season and had an estimated cost of $25 million (Tester and Fowler 1990) . Samples from ships of' opr'ortunity were used to determine nonbloom, background levels of G. breve for the northern and eastern Gulf of Mexico, fhe Florida Strait, and the entire U.S. South Atlantic Bight in:luding the Gulf Stream and western Sargasso Sea (Fig. :!) . G. breve has a continuous distribution throughout this r;mge but in winter its occurrence in nearshore waters of the U.S. South Atlantic Bight is closely associated with GLtlf Stream meanders overriding the shelf (Tester et al. 1993) . Perhaps the best example of this dependency is from a cross-shelf sampling transect in Onslow Bay (between Cape L'3okout and Cape Fear) in February 1991. This transect bisected a Gulf Stream meander and G. breve cells were found only in the meander and at its shoreward edge (Fig. 12) . Field studies of Rounsefell and Nelson q 5,000 -SOD00 CELLS LITER-' n >50.000 CELLS LITER-' G. breve blooms (1966) indicated G. breve thrives between 16 and 27°C with only a few cells surviving 7-9.9"C (Aldrich 1959). Theoretically the lower thermal tolerance of this species is a major factor restricting bloom formation in the U.S. South Atlantic Bight. There is no permanent thermocline near the continental shelf edge and in winter nearshore bottom-water temperatures may be <9"C when inundated by Virginia coastal water (-5°C) (Stefansson et al. 1971) .
Dissipation or termination of blooms can occur when the offshore bloom component is entrained and transported out of the area or when the integrity of the water mass is weakened by mixing and dilution. Both declining water temperature and increasing wind stress contributed to the dissipation of the 1987-1988 G. breve bloom off North-South Carolina. From early November to late December 1987 most of the cells from this bloom moved back and forth within Onslow Bay depending on wind direction (Fig. 13) . Alter nearshore water temperatures dropped (11.O"C) and the first winter storm (31 December 1987) was followed by intermittent but strong southward winds (1-16 January 1988), cell numbers decreased and the bloom was blown out of Onslow Bay, around Cape Fear to the south. Samples from 5 to 30 km off Little River Inlet to Myrtle Beach, South Carolina, from 6 to 7 February 1988 contained from 2-11 X 10' cells liter I, The last samples from nearshore waters of North Carolina containing G. breve were collected on 11 February, and the bloom dissipated off Myrtle Beach by late February 1988 (Tester et al. 1991 ).
Conclusions
G. breve blooms are neritic phenomena. They have a successful survival strategy in the Gulf of Mexico ecosystem where they can be found from the central basin to nearshore waters (salinity >24%0). The bloom model that is most consistent with observations made during the last 80-100 yr starts with an offshore bloom initiation in late summer or fall in conjunction with a Gulf Loop intrusion on the outer continental shelf. Following cross-shelf transport, largely influenced by winds and wind-induced upwelling or downwelling, cells concentrate and grow at a region approximating the midshelf front. If cross-shelf transport mechanisms continue to operate on the bloom, cells concentrate in nearshore waters where movement is governed by winds and alongshore currents.
G. breve is found in low concentrations (< 1,000 cells liter -I) in the Florida Current-Gulf Stream throughout the year. During blooms cell concentrations of >2X lo4 cells liter become entrained in the Florida Current and transported to the Atlantic. Gulf Stream meanders are known to deliver the cells into nearshore waters. Small-scale eddy features like the Tortugas Gyre are very productive regions for phytoplankton and may prove to be so for G. breve as well. Strengthened transport through the Florida Strait at the dissipation of the Tortugas Gyre suggests an explanation for the infrequent, high cell counts in the Atlantic.
This conceptual model provides a framework to help define spatial and temporal scales, processes, timing, and linkages vital to hypothesis testing. It is essential that our understanding of' the prerequisites for each bloom phase (e.g. initiation, growth, maintenance, and dissipation) be as complete as possible. We know little about factors that affect the intensity OF G. breve blooms. It is critical that surface circulation be coupled with a depth component and the model expanded to three dimensions. It is equally important to understand what factors contribute to the reintroduction of cells into coastal waters-a major concern during prolonged blooms. Increased access to archived wind and temperature data combined with cell counts from "bloom logs" will aid in retrospective analyses of blooms in greater detail. The advent of online, real-time environmental data and the prospect of new ocean color sensors may allow enough predictive capability that bloom conditions can be detected early enough to allow for focused research efforts and provide reliable information to the public.
